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CHAPTER 1. General Introduction 
In the annals of biological history, Barbara McClintock is credited with the discovery 
of transposable elements. When first described in maize in the early 1940s, they were largely 
written off. The concept of a dynamic, mobile genome was much too radical for biologists to 
assimilate. In the 1970s, with the advent of molecular biology techniques, transposons were 
described in the bacterial genome, and their existence started to be acknowledged. Over the 
years, much work has been done on these mobile genetic elements, and they have been found 
in practically all eukaryotes, ranging from yeast to humans (Berg and Howe, 1989; Craig, 
1997). The significance of transposable elements cannot .be overlooked, and the field has 
evolved into a substantial discipline influencing key concepts in molecular biology and 
evolution. 
Transposable elements are discrete units of DNA that are capable of mobility within a 
genome (Voytas, In Press). They are variously described as jumping genes, mobile DNA or 
mobile genetic elements. Transposon genomes can be composed either of DNA or RNA. 
DNA transposons, such as the Ac/Ds elements in maize and the Tn elements in E. coli, 
replicate conservatively, so that each time the element transposes, it excises itself from the 
original insertion site and inserts itself into a new location in the host genome. This conserves 
the copy number of the element. The transposition of RNA elements or retrotransposons, 
such as the Tf 1 element of Schizosaccharomyces pombe and the copia element in Drosophila 
melanogaster, on the other hand, is said to be replicative. Replicative transposition involves 
reverse transcription of the transcribed mRNA to make a DNA copy before insertion into a 
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new site in the host genome. In this way, the genomic copy number of the element is 
increased with each round of transposition. 
Based on the presence or absence of repetitive flanking sequences called Long 
Terminal Repeats (LTRs), retroelements are classified as LTR retrotransposons or Non-LTR 
retrotransposons (Voytas, In Press). The distinction between the two, besides the structural 
disparity, lies in their mode of replication and insertion. LTR retrotransposons reverse 
transcribe a cDNA from their transcribed mRNA within aVirus-like Particle (VLP) and 
subsequently insert the DNA copy by enzyme-mediated breakage and joining reactions into 
the host chromosome. Tyl in Saccharomyces cerevisiae and the gypsy element in Drosophila 
melanogaster are examples of LTR retrotransposons. The non-LTR retrotransposons induce a 
break in the host DNA, reverse transcribe their RNA genome using the 3'-OH of the host 
DNA to prime the reaction and complete the integration process by joining the DNA ends 
(Lunn et al., 1993). The R2 element of silkworm Bombyx mori and the L1 elements in 
humans are examples of non-LTR retrotransposons. 
Genomic organization and life cycle of LTR retrotransposons 
The genome of the LTR retrotransposons (Fig. 1) resembles that of the retroviruses in 
that it comprises a positive strand RNA that encodes structural and enzymatic proteins 
necessary for different steps in the life-cycle (Voytas, In Press). When retroelements are 
integrated into the host genome (Fig. 2), they are flanked by the redundant sequences, the 
LTRs. The LTRs are composed of 3 regions, U3, R and U5, which are repeated in the same 
order at both ends of the element. This repetitive structure plays an important role in the 
process of reverse transcription as we shall see subsequently. The boundaries of the R region 
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are defined by the presence of the transcriptional start and termination signals. The 5'-LTR 
bears the TATA box and transcription proceeds from this start site, which lies at the 5' end of 
the R region, and extends through to transcription termination sequences in the 3' end of the 
R region in the LTR at the opposite end of the element. For some reason, the transcription 
termination signal in the 5' LTR is ignored. The U3 region is unique to the 3' end, and the US 
region is unique to the 5' end of the element mRNA. Lying immediately downstream of the 
5' -LTR is a short cis-acting sequence, typically 8-14 bps long, called the primer binding site 
(PBS). The PBS is complementary to a region in the priming tRNA used in reverse 
transcription of the element. Lying upstream of the 3' -LTR is a short purine-rich stretch 
called the poly-purine tract (PPT) that is also necessary for a priming step in reverse 
transcription. 
Transcription of the element by host RNA Polymerase II generates an mRNA that is 
capped and polyadenylated by the host's cellular machinery and exported to the cytoplasm. It 
is translated to produce two primary protein products called Gag and Pol. Usually, Gag and 
Pol are encoded on two separate ORFs, and ribosomal frameshifting is used to generate the 
two different proteins (Gesteland and Atkins, 1996). Since frameshifting is infrequent, this 
generates more Gag relative to Pol. In the case of TyS, gag and pol are borne on a single 
ORF (Zou et al., 1996). Time course studies of epitope-tagged Ty5 proteins have shown that 
differential stability of the two proteins is responsible for generating an excess of Gag to Pol 
(Irwin and Voytas, 2001). An excess of Gag to Pol is thought to be required to assemble the 
vLP. 
Processing of Gag yields the structural capsid (CA) protein and the nucleocapsid 
(NCp) protein, the latter of which is defined by a characteristic zinc finger (CXZCX4HX4C) 
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(Gao et al., 2002; Voytas and Boeke, 1992). Together they comprise the particulate core or 
VLP within which key steps in the life-cycle are carried out. The pol gene encodes several 
enzymes including protease (PR), integrase (IN), reverse transcriptase (RT) and its associated 
RNaseH (RH), which are released from the major translation product by a series of 
processing steps. Retrotransposons are divided into two families based on the arrangement of 
IN and RT in the linear order of the ORF (Boeke et al., 2000b) (Boeke et al., 2000a). Thus, 
integrase precedes reverse transcriptase in the Pseudoviridae and vice versa in the 
Metaviridae. The Ty 1/copia elements are Pseudoviruses whereas the Ty3/gypsy elements 
comprise the Metaviridae. 
Retroviruses additionally possess an envelope (env) gene, which lies downstream of 
the pol gene. While env is missing in most retrotransposons, env-like genes have been 
described in certain members of the family Metaviridae, notably the Drosophila 
melanogaster gypsy element. Such elements form a separate genus, Errantivirus, and are 
distinct from the elements that do not encode an env-like ORF (grouped under the genus 
Metavirus). The Errantiviruses are probably true viruses, and gypsy has been shown to be 
infectious (Song et al., 1994; Kim et al., 1994). Env encodes a protein with trans-membrane 
domains and is needed for viral exit through the plasma membrane of the host cell. Lack of 
env in retrotransposons likely accounts for their lack of horizontal movement and infectivity. 
Retrotransposons are totally reliant on a viable host cell for transmission to the progeny. 
A distinctive feature of the retroelement life-cycle is the phenomenon of reverse 
transcription (Telesnitsky and Goff, 1997; Fig. 3). The element mRNA, IN, RT-RH, and 
primer tRNA are packaged into the VLP along with other host-derived components. It is 
within this compact protein particle that reverse transcriptase utilizes the mRNA as a 
5 
template to synthesize a double stranded cDNA molecule. This cDNA intermediate is acted 
upon by integrase and inserted into the host genome. 
The steps involved in reverse transcription are many-fold (Telesnitsky and Goff, 
1997). The process starts off with base pairing occurring between the PBS and the primer, 
which is more often than not ahost-encoded tRNA. Among the Pseudoviruses and the 
Metaviruses, the mechanism of priming is not uniform and provides a further basis for 
classification (Boeke et al 2000a; Boeke et al., 2000b). Within the Pseudoviruses, when the 
acceptor stem of a tRNA is used to prime reverse transcription the element belongs to the 
genus Pseudovirus. However, when the anticodon stem-loop of a cleaved half tRNA is used 
as a primer, the element is a Hemivirus (Boeke et al., 2000b). Within the Metaviridae, the 
primer is either the 3' acceptor stem of a tRNA, or in some cases, the 5' end of the element 
mRNA folds back on itself to base-pair at the PBS (Boeke et al., 2000a). This paired 
structure is cleaved to generate a 3' OH end that primes reverse transcription (Levin, 1995). 
Reverse transcriptase elongates the 3'-OH of the primer to synthesize a short stretch 
called the minus strand strong stop DNA (ssDNA) (Telenitsky and Goff, 1997). Following 
RNaseH degradation of the 5' end of the mRNA, the minus strand ssDNA is transferred to the 
3' end of the template mRNA, where sequence redundancy at the ends of the transcript permit 
base pairing. Reverse transcription continues towards the 5' end of the mRNA, and this 
generates the first or minus strand of the cDNA. RNaseH degrades the rest of the mRNA but 
leaves an intact polypurine tract (PPT). This PPT serves as the primer for the synthesis of 
plus strand cDNA. Synthesis proceeds towards the 3' end of the minus strand, and after a 
strand transfer of the plus strand ssDNA, reverse transcription proceeds giving rise to a 
double stranded cDNA molecule that is ready for integration. 
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Retroelements in yeast 
In Saccharomyces cerevisiae, the Ty (Transposon of yeast) retrotransposons 
comprises the Tyl, Ty2, Ty3, Ty4 and Ty5 families. Of these, Tyl, Ty2, Ty4 and Ty5 belong 
to the Ty 1/copia family whereas Ty3 belongs to the Ty3/gypsy family of retrotransposons. 
Tyl is the best characterized and the most abundant retrotransposon in the yeast genome 
(voytas, In Press). It preferentially integrates into regions that lie upstream of RNA Pol III 
transcribed genes (Devine and Boeke, 1996). Ty5 is another well-studied element that was 
isolated from the S. paradoxus genome (Zou et al, 1996). It has been found to integrate into 
regions of silent chromatin such as the silent mating loci, HML and HMR, and the telomeres. 
For both Ty 1 and Ty5, transposition rates are not very high, ranging from 10-3 to 10~~ per 
element per generation (Zou et al, 1996; Curcio and Garfinkel, 1991 - Mol Microbiol). To 
improve these rates and to facilitate their study, the GALL -10 Upstream Activating Sequence 
(UAS) has been fused to the 5'-LTR. This replaces the native promoter so that induction of 
the element is possible by growth on galactose-containing media. A clever selection scheme 
was devised to detect transposition events wherein an intron-disabled marker gene, his3AI, is 
inserted into the element's noncoding sequence 5' of the PPT (Curcio and Garfinkel, 1991 - 
Proc Natl Acad Sci). The intron is oriented such that it can only be spliced out of the HISS 
gene from the Ty transcript. The spliced mRNA is then reverse-transcribed to generate a 
cDNA copy, which is integrated into the genome by recombination or integration. This 
generates a functional HIS3 gene, and the transposition event can be detected by growth of 
yeast on selective media lacking histidine. 
S. cerevisiae is an ideal organism for genetic and molecular biological manipulations. 
Conversely, studies on these elements are proving to be immensely useful in understanding 
many aspects of yeast genetics and molecular biology, such as modification of chromatin 
structure, regulation of transcription, protein processing and also in dissecting the 
relationship existing between host and element. A further exploration of the 
retrotransposon/host relationship forms the basis of this thesis. 
Host factors and the regulation of transposition 
The host-element relationship is complex, and while the mutagenic potential of 
transposons is well-known, the benefits they bestow on the host are less well understood 
(Voytas, 1996). One of the advantages that transposable elements confer on the host is 
adaptive value. Conditions of stress may activate elements, resulting in mutations that might 
prove helpful in adapting to those conditions. Some genes have been identified whose 
expression is determined by insertion of adjacent elements. For example, the expression of 
the CTR3 gene in S. cerevisiae is determined, in part, by a Ty 1 insertion (Knight et al., 1996). 
Some transposons themselves have evolved specific host functions, such as the telomeric 
Het-A and TART elements in flies, which serve as Drosophila telomeres (Pardue et al., 
1996). In vertebrates, RAG1 and RAG2 are thought to be derived from transposable elements, 
and they are required for immunoglobulin gene switching and function of the immune system 
(Girard et al., 1999; Agrawal et al., 1998). 
The consequences of transposition are, more often than not, negative with respect to 
the host. The insertion of an element into coding regions creates mutations that are usually 
deleterious. As mentioned earlier, retrotransposons are reliant on the host for vertical 
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transmission and propagation, and hence they need to minimize their mutagenic effects to 
ensure host viability. One way to achieve this is for elements to carefully select insertion sites 
in the host genome. Integration of transposable elements reflects a variety of strategies, and 
site-selection schemes to ensure long-term survival and propagation in the host (Craig, 1997; 
Boeke and Devine, 1998). A tendency to choose gene-poor regions, such as those lying 
upstream of RNA Pol III transcribed genes, or regions of silent chromatin, such as telomeres 
and silent mating loci, has been observed in several of the elements that have been surveyed. 
A second way to reduce perturbation to the genome is by exercising stringent control over 
element movement by host genes. The host can impose regulation at different steps in the 
life-cycle of the element. For example, regulation could occur transcriptionally to limit the 
amount of mRNA available to serve as template in reverse transcription and for the 
production of proteins needed for vLP formation and catalytic activity (PR, RT-RH, IN) (Ke 
et al., 1997). Availability of mRNA might also be subject to regulation by decreasing the 
stability of the transcript. Protein processing and stability are additional steps that might be 
regulated (Conte et al., 1998; Curcio and Garfinkel, 1999; Conte and Curcio, 2000). 
Regulation can also be post-transcriptional, acting at the level of cDNA production andlor 
stability (Lee et al., 1998). 
Ty 1 studies have shown that many yeast genes that regulate this element have 
conserved roles in cellular functions such as DNA replication repair and transcription 
(Scholes et al., 2001). For example, Ty 1 transposition is repressed post-transcriptionally at 
the cDNA level by the general transcription factor, TFIIH (specifically, the subunits encoded 
by RAD3 and SSL2) (Lee et al., 1998). These factors appear to regulate Ty 1 cDNA stability. 
Other factors that regulate Ty 1 are tied to the signaling pathways associated with the 
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pheromone response and mating signal-transduction pathways (Conte et al., 1998). The 
mitogen activated protein kinase (MAP kinase) Fus3p responds to pheromone signal 
transduction to activate genes involved in the mating response of haploid cells. The invasive 
or filamentous growth MAP kinase, Kss 1 p, activates transposition of Ty 1 by causing the 
activators Ste 12p and Tec 1 p to bind to a site called the filamentous and invasive growth 
response element (FRE). Fus3p acts to repress Kss 1 p and thus to repress Ty 1 transposition. 
Evidence shows Fus3p acts by decreasing protein stability and ultimately cDNA levels. It is 
logical that Fus3p, a kinase that acts in haploid cells, has regulatory functions, since haploid 
cells have a single copy of each gene and are especially sensitive to mutagenesis. 
The ongoing project that aims to delineate all Ty 1 regulators has already turned up at 
least 20 different genes which, when deleted, decrease Ty 1 transposition from 5-fold to over 
100-fold (Scholes et al., 2001). What fraction of this vast bounty of Ty 1 regulators affect 
elements of other families? How conserved are these regulatory functions? It will be very 
interesting to answer these questions, and given the current tools and resources for yeast 
molecular biology, answers should be forthcoming within a short frame of time. 
Thesis layout and design 
The body of work presented in this thesis deals with the phenomenon of host 
regulation of Ty5 transposition. Ty 1 is the best characterized retrotransposon in yeast and a 
lot of information has been gathered on it. Ty5 is less well characterized, owing in part to the 
extremely low levels of transposition it exhibits, ranging from 10-5 to 10-~ (Zou et al., 1996). 
This low transposition frequency raises questions as to whether Ty5 transposition is subject 
to host control. As described above, ongoing work has characterized a large number of yeast 
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genes that regulate Tyl movement. It was of interest to see if these regulatory mechanisms 
are conserved and applicable to Ty5. 
Chapter one provides an .overview of retrotransposons, their genomic organization 
and life-cycle. It serves to form a framework on which subsequent chapters are based. 
Chapter two details the work conducted in the course of obtaining the MS degree, wherein 
several known regulators of Tyl are tested for effects on TyS. Also, an observed 8-fold 
transposition difference of Ty5 in two different yeast strains is characterized. Contributions 
to this work were made by other members of the Voytas lab. Specifically, testing for 
differences in Ty5 transcriptional regulation between strains was conducted by Phil Irwin. 
Chapter two is followed by an appendix, which represents a collaborative work with a 
former graduate student in the Voytas lab, Xiang Gao. This study focuses on an essential host 
factor required for retrotransposition, namely the primer tRNA. Ty5 uses a cleaved initiator 
methionine tRNA to initiate reverse transcription, and base-pairing occurs between the half- 
tRNA and the Ty5 message (Ke et al., 1999). Mutants in the primer tRNA outside the region 
of complementarity were characterized to identify sequences essential for priming. Also other 
regions on the Ty5 mRNA that could potentially pair with the tRNA were tested for their role 
in transposition. The chapters are laid out such that the text is followed by a list of references. 
Relevant tables and figures are included after the references. 
S. cerevisiae is a well characterized model organism with a short life-cycle and a 
sequenced genome that can be easily manipulated. Advantage has been taken of these 
features to develop a system to study element-host dynamics. that can provide valuable 
insight into. genome structure, function and evolution. It is hoped that results garnered from 
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these studies can be extrapolated to higher organisms to provide a better understanding of 
such phenomena. 
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FIGURE 1. Genomic organization of LTR-retroelements. The elements are flanked by LTRs 
indicated by solid triangles at each end. The arrows indicate open reading frames (OBEs) that 
encode Gag, Pol and Env. Gag is processed to form capsid and nucleocapsid (N) proteins that 
assemble to form the virus-like particle (VLP). Pol is the enzymatic polyprotein that is 
processed to give rise to Protease (PR), Reverse Transcriptase (RT), RNaseH (RH) and 
Integrase (IN) which are necessary for the biochemical steps in the life-cycle. Env is 
necessary for exit from the cell and is typically found as a third ORF in retroviruses. 
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FIGI:IRE 2. Steps in the retroelement lifecycle. ~ Following transcription, the element mRNA 
is transported to the cytoplasm where it is translated to produce the Gag and Pol proteins. 
Processing of Gag yields the capsid and nucleocapsid proteins that assemble to form a 
particulate core. Pol is processed to yield the enzymatic proteins — preotease, reverse 
transcriptase, RNaseH and integrase. The mRNA is packaged into the particulate core within 
which reverse transcription of the mRNA template generates a cDNA copy of the element. In 
retroviruses, the nucleocapsid with the packaged mRNA is competent to exit the cell in an 
enveloped form to infect other cells. In retrotransposons, this nucleocapsid particle is known 
as the virus-like particle (vLP). The retroelement cDNA reenters the nucleus as part of a pre-
integration complex. It is acted upon by integrase which inserts it into a new site in the host 
genome. 
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CHAPTER 2. Genetic dissection of host factors regulating Ty5 
transposition 
A paper to be submitted to Yeast 
Yvette Chin 1 and Daniel F. Voytas2
Abstract 
Work on the Saccharomyces cerevisiae retrotransposon Tyl identified several genes 
that play a role in regulating transposition. To identify general regulators of 
retrotransposition, seventeen genes implicated in the Tyl study were analyzed for their 
effects on TyS. Among these were genes involved in DNA repair (e.g. MREll and XRS2) 
and transcription (e.g. the SGSl helicase). Only two genes were found to affect both 
elements: one of them is RADS2, a gene required for homologous recombination, which 
when deleted causes a 25-fold increase in Tyl transposition and a ~5-fold decrease in 
transposition of TyS. We predict the decrease in Ty5 transposition is due to lowered levels of 
Ty5 cDNA that can engage in homologous recombination. A second gene that 
1 Primary researcher and author. 
2 Associate Professor and author for correspondence, Department of Zoology and Genetics, 
Iowa State University, Ames, IA 5001 1. 
18 
affects both elements is the map kinase FUSS, which increases transposition 39-fold and 2.3-
fold for Ty 1 and Ty5, respectively. This indicates that both Ty 1 and Ty5 are regulated by the 
signal transduction pathway associated with mating. To further identify factors that regulate 
TyS, we studied two yeast strains, W303 and BY4742, which differ by 8-fold in their levels 
of Ty5 transposition. Three conclusions were reached through the analysis of these strains: 1) 
high transposition is dominant; 2) multiple genes contribute to the transposition difference, 
and one of these genes is closely linked to ADE2 on chromosome 15; 3) the difference 
between strains is due to post-transcriptional regulation that affects cDNA synthesis and/or 
stability. 
Introduction 
The yeast genome plays host to retrotransposons called the Ty elements, including the 
Tyl through Ty5 families. Ty5 belongs to the Tyl/copia group of Long Terminal Repeat 
(LTR) retrotransposons. Its genome consists of a single open reading frame (ORF), bound 
between two LTRs. The ORF encodes the equivalent of the retroviral gag and pol genes. 
These genes produce the structural and enzymatic proteins that play crucial roles in the 
progress of the Ty5 life cycle. The gag gene encodes the capsid and nucleocapsid proteins, 
which assemble to form the Virus-Like Particles (VLPs), and the pol gene product is 
processed to form several enzymes, including Protease (PR), Integrase (IN), Reverse 
Transcriptase (RT) and RNase H (RH). Ty5 is transcribed, and the resulting transcript is a 
plus strand mRNA used both in translation as well as in reverse transcription. Reverse 
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transcriptase acts on the transcribed mRNA to produce a double stranded cDNA, which is 
inserted into the host genome through the action of integrase. Reverse transcription occurs in 
the vLPs, into which are packaged the mRNA, primer tRNA, RT, IN and presumably several 
host factors, which are as yet undetermined. 
Host involvement in element mobility arises from a complex balancing act that works 
to curb the inherently mutagenic effects of transposition while permitting, over long periods 
of time, the generation of new alleles that assist in host adaptation to environmental change. 
The need to control transposition suggests that the host factors are repressive. However, 
consider for instance that retrotransposons are dependent on the availability of host-encoded 
tRNAs that serve as primers essential for the initiation of reverse transcription. That being 
said, the largely inhibitory effect that host genes have on transposition (at least for the ones 
surveyed so far from work on Ty 1) is mediated by gene products that ~ function in basic 
cellular processes such as control of growth patterns (budding vs. filamentous or invasive 
growth) and DNA replication, transcription, repair and maintenance (Scholes et al., 2001; 
Conte et al., 1998). 
Past and ongoing studies on Ty 1 have implicated yeast genes that regulate element 
movement by reducing availability of components such as cDNA and proteins, either by 
inhibiting their synthesis or their stability or both (Conte et al., 1998; Lee et al., 1998). 
Another way for the host to minimize the disruption of essential genes is to promote insertion 
into silent regions such as the HM mating loci and the telomeres or into gene-poor regions 
that lie upstream of RNA Pol III transcribed genes, as has been reported for the Ty elements 
in the yeast genome (Zou et al., 1996; Devine and B oeke, 1996). 
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Fus3p is one of the best studied regulators of Tyl. It is a mitogen-activated protein 
(MAP) kinase that acts in the mating signal transduction pathway mediating the switch from 
vegetative to mating type growth (Pan et al., 2000). The yeast cell, when subjected to 
conditions of starvation, resorts to a pattern of growth that helps in foraging for nutrients 
more effectively called invasive or filamentous growth. Fus3p negatively regulates genes 
necessary for invasive/filamentous growth while these same invasive growth genes are 
potential activators of Tyl transposition (Conte and Curcio, 2000). This has led to the 
hypothesis that environmental conditions can act as transpositional cues that aid host 
adaptation in adverse and stressful times. Fus3p is known to regulate Tyl transposition post- 
transcriptionally by decreasing protein stability and consequently cDNA levels in haploid 
yeast cells, thereby inhibiting Tyl movement about 20-60 fold (Conte et al., 1998). The RNA 
Polymerase II transcription factor subunits Ss12p and Rad3p aze also known to decrease Tyl 
transposition (Lee et al., 1998). They affect Tyl cDNA levels either by inhibiting reverse 
transcription or by decreasing cDNA stability, bringing down the transposition rate by ~100- 
fold. 
As work on Ty 1 regulators proceeds, a picture is developing where multiple host 
genes appear to be pleiotropic, controlling retrotransposon mobility while attending to the 
cellular tasks necessary to maintain a healthy cell (Scholes et al., 2001). An interesting 
question to answer would be whether genes implicated in regulating Ty 1 also regulate TyS, 
and if they are not conserved, to identify unique regulators of Ty5 transposition. This study 
proceeds to answer this question. 
21 
Materials and Methods 
Strains, plasmids and Ty5 transposition assays 
Two haploid yeast strains were used in this study: W303 (MATa ade2-1 caul -100 
his3-11 leu2-3 trill -1 ura3-1) and BY4742 (MATa his3dl leud2 lys2d0 ura3d0). BY4742 is 
a derivative of strain S288c used in the Saccharomyces cerevisiae systematic deletion 
project. YBL016W is a fus3 null allele strain derived from BY4742. yYC2n is a diploid 
strain generated by mating W303 and BY4742. Rich media (YPD) was used for non-selective 
growth of yeast strains. To select for Ty5-plasmid containing yeast cells, synthetic complete 
media without Uracil (SC-U +Glucose) was used. Ty5 is placed under the control of the 
GALL-10 Upstream Activating Sequences (UAS). To induce transposition, Ty5-bearing 
strains are grown on SC-U +Galactose media. pDR14 is a URA3 CEN plasmid with Ty5 
bearing two point mutations in gag, D252N and Y68C, that increase transposition 36-fold 
(Gao et al., In press). This plasmid was used in all the transposition assays. pPF31 is a URA3 
CEN plasmid with ADE2. It is used to study the effect of ADE2 on Ty5 transposition. 
Qualitative and quantitative Ty5 transposition assays were carried out as described in Zou, et 
al., 1996 (Fig.l). 
Tetrad Dissection and Sporulation 
When diploid yeast are grown in nitrogen and carbon deficient media, they can be 
induced to undergo meiosis and hence to sporulate. Diploids are sporulated by extended 
growth (5-10 days) on solid sporulation medium (Ausubel et al., 1987, Current Protocols in 
Molecular Biology). The resulting tetrads are digested with 0.5 mg/ml zymolyase at 30 C for 
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10-20 minutes. Individual spores from the tetrads are separated with an Olympus dissecting 
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microscope and grown on rich (YPD) media at 30 C for 2-3 days. 
Assaying Ty5 cDNA 
Ty5 cDNA was assayed as described (Gao et al., In press). Briefly, yeast total DNA 
was purified by the phenol-chloroform method from cells grown to an optical density of 3.0. 
All DNA was quantified spectrophotometrically (Ausubel et al., 1987, Current Protocols in 
Molecular Biology). PCR primers 1 and 2 were DVO208 (5' -CAG-CCG-GAATGC-TTG- 
GCC-A-3') and DVO200 (5' -CAT-TAC-CCA-TAT-CAT-GCT-3' ), respectively. Serially 
diluted competitor template was added to reactions with the same amount of yeast DNA. 
PCR conditions were as follows: 94°C, 1 min; 54°C, 1 min; and 72°C, 1 min for 30 cycles. 
After electrophoresis of the PCRs, bands in each lane were quantified using National 
Institutes of Health image software (version 1.62; http://rsb.info.nih.gov/nih-image/). Lanes 
were selected for calculating Ty5 cDNA levels in which amounts of products derived from 
cDNA and competitor were nearly equal. cDNA levels were considered to be the amount of 
competitor DNA added to that reaction, with adjustments made for slight differences in 
amounts of the two products. 
Library Screen 
The YCp50 yeast genomic library constructed by Dr. Mark Rose (Rose et al., 1987) 
was used in a screen to identify the gene responsible for elevated transposition levels in the 
BY4742 background. The library was amplified and transformed into the W303 strain using 
the Lithium Acetate transformation protocol. The formula N =1n (1-P) / In (1-~ was used to 
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calculate the number of colonies to be screened so that there is a 99% probability of detecting 
a gene of interest in the screen where: 
N =Number of colonies to be screened; P =Level of Significance; f = (Size of fragments in 
the library /Total size of the yeast genome) 
N = [ In (1-0.99) / In (1-(15/12800)) ] = 3927.4 
As a result, 4000 transformants were screened. 
Results 
Analysis of 17 null-mutants for their effect on Ty5 transposition 
Do common themes exist in the regulation of different retrotransposon families? To 
what extent are regulatory genes shared between Ty 1 and Ty5 ? To answer these questions the 
17 loci (Table 1) were analyzed for their effect on Ty5 transposition. These 17 loci were 
identified in a genome-wide screen conducted to characterize host factors that affect Ty 1 
transposition in S. cerevisiae (Scholes et al., 2001). Analysis of the mutants identified 14 
repressors and 3 activators. The regulator gene null-mutants increased Ty 1 transposition 
anywhere from 5-fold to 111-fold. 
The 17 genes have conserved cellular functions that are required to maintain genomic 
stability. Two of these genes, ESTI and TELL, are necessary for telomere maintenance. ESTI 
is asingle-strand telomere binding protein required for maintaining telomere structure but 
whose role in telomerase catalytic activity is not certain (Hughes et al., 1997; Lingner et al., 
1997). In the event of its Ioss, chromosomal instability ensues, resulting in senescence and 
ultimately cell death. TELL functions in a similar capacity to maintain telomeres and 
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additionally acts in DNA damage response in a common pathway with the non-homologous 
end joining (NHEJ) and double-strand break (DSB) repair complex, MREl l /XRS2/RADSO, 
(Lingner et al., 1997; Mills 2001). RNRI encodes a ribonucleotide reductase that catalyzes a 
rate limiting reaction in synthesizing deoxyribonucleotides from ribonucleotides (Chabes et 
al., 1999). rtt104 and rt~101 are as yet uncharacterized ORFs. ESC4 is involved in forming 
silent chromatin, but details on its function are not known (Scholes et al., 2001). SGSI 
encodes a helicase needed in transcription, DNA replication, recombination and repair. It is 
important in maintaining genome stability by suppressing repetitive DNA recombination. 
sgsl d mutants do not affect Ty 1 integration rates or target site selection, but Ty 1 cDNA 
recombination increases and multimeric arrays are found in abundance (Bryk et al., 2001). 
KAP122 encodes a component of the nuclear pore complex (Titov and Blobel, 1999) and 
KEM2 affects conjugational nuclear fusion in yeast (Kim et al., 1990). Three activators of 
Tyl transposition were also examined. CDC40 is involved in G2 cell cycle arrest and in 
RNA splicing reactions (Ben-Yehuda et al., 2000). STE20, a MAP4K, mediates the mating 
signal transduction pathway (Dan et al., 2001; Conte et al., 1998). The last Ty 1 activator was 
a deletion of the undefined ORF, YHRO29c. 
Results from a qualitative transposition assay are shown in Table 1. This assay 
measures His+ prototroph formation, which occurs by cDNA recombination or by IN-
mediated insertion into anon-homologous site in the genome (Zou et al., 1996). Some of the 
strains showed poor growth and could not be characterized. These are indicated as "n/a" in 
the table. -The rest showed no significant variation in the number of His+ cells generated 
following transposition. The major observable phenotype was with the radS24 strain, 
yDV 553, in which Ty5 transposition decreased to about 20% of the wild-type level. 
25 
The qualitative transposition assay shows that overall, the collection of Ty 1 regulators 
have less than 2-fold effect on Ty5. Because most of these regulators work in basic cell 
functions, the knock-out strains exhibit poor growth on selective media and are fractious to 
work with. This made it difficult to test the null mutant effects on Ty5 transposition. The 
failure to identify a common regulator of the two retroelement families led us to test FUSS, a 
well-characterized Ty 1 regulator, to determine if the regulatory arena is truly so disparate 
between Ty 1 and TyS. A quantitative analysis of the role of FUSS was conducted using a 
fus34 knockout strain, YBL016W (Table 2). Ty5 mobility is seen to increase 2.3-fold in the 
fus34 strain. Put together, these results lead us to conclude that most Ty 1 regulators do not 
affect Ty5 though the fus34 data provides evidence that regulation of the two families must 
include some amount of overlap. 
A difference in Ty5 transposition between strains W303 and BY4742 
Previously, a considerable transposition difference was noted between two common 
lab strains of east. In the first strain, W303, Ty5 transposes at the rate of 1.9875 x 10-S.In the 
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second strain, BY4742, used in the Saccharomyces Systematic Deletion Project, Ty5 
transposes at the rate of 15.2875 x 10-5 (Table 3). The approximately 8-fold difference was 
deemed significant enough to warrant further analysis. 
The transposition difference between the two strains may be due to an underlying 
genetic variation. Transpositional regulation by the host can occur at any of several different 
steps in the life-cycle of the element. Regulation might occur transcriptionally, affecting 
mRNA production, processing and/or stability, or it might be post-transcriptional, affecting 
protein synthesis, processing and stability. Since Ty5 is a retroelement, post-translational 
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regulation is yet another area of regulation where cDNA synthesis and/or stability is 
modulated by the host. 
A simple explanation is that transcription of Ty5 is different in the two strains and 
this leads to insufficient mRNA being available for downstream processes in the low-
transposing strain W303 when compared to BY4742. To test this idea, transcription of Ty5 
was measured in different genetic backgrounds. In a previous body of work, a construct was 
made where lacZ expression is driven by the Ty5 promoter and the catalytic activity of the 
enzyme is determined by measuring ~3-Gal activity assayed with ONPG (Ke et al., 1997). The 
result revealed 2-fold greater ~3-Gal activity in the low transposing strain, W303, compared to 
the higher transposing strain, yPH499, which is congenic with strain BY4742. As described 
above, the quantitative transposition assay established that YPH499 permits approximately 
10-fold higher transposition of Ty5. The inverse relationship between transposition activity 
and transcription efficiency of Ty5 is a convincing argument to rule out transcriptional 
control as the basis for the strain difference. Having eliminated one area of regulation, focus 
was shifted to post-transcriptional steps at which regulation might be mediated. 
cDNA quantification 
Ty5 VLPs are extremely difficult to isolate and work with, so determination of 
protein levels, stability and processing was not feasible. We decided therefore to characterize 
cDNA levels. Using an assay developed by a former lab member, Dr. Xiang Gao, 
quantification of cDNA was carried out by competitive PCR (Gao et al., In press). This assay 
was designed to amplify Ty5 cDNA and not DNA from the plasmid-borne donor element. To 
do this, we took advantage of the artificial intron, which is present in the donor element but 
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not in the cDNA. One PCR primer spans the artificial intron and therefore can only anneal to 
cDNA and not to Ty5 DNA (primer 1, Fig. 4). Amplification with this primer and a second, 
downstream primer (primer 2, Fig. 4) should yield a 5 80-bp product using cDNA as a 
template. To quantify relative levels of Ty5 cDNA, we designed a second template to use in 
competitive PCR experiments. The competitor template can be amplified by both primers and 
yields a product 60 by shorter than the product from cDNA (Fig. 4). The amount of cDNA in 
a sample should equal the amount of added competitor when the amount of PCR product 
generated from both templates is equal. PCRs were carried out with total genomic DNA 
prepared from induced haploid parental strains, W303 and BY4742, and the diploid strain, 
yYC2n, each bearing the plasmid-borne Ty5 element. Ty5 cDNA was quantified from 
reactions in which the products of the two templates were equal. 
In Fig. 5, the two panels show the relative amplification of Ty5 cDNA in the two 
haploid strains. The different concentrations of competitor at which the cDNA band from 
each strain is of equivalent intensity is a clear indicator of varying cDNA levels in the strains. 
A quantitative analysis of the gels shows that cDNA levels are about 3-fold higher in 
BY4742 than in W303. We conclude that regulation of Ty5 cDNA levels is responsible to 
some extent for the difference in transposition. 
Transposition and ADE2 linkage 
What is the nature of the genetic difference between W303 and BY4742? To 
determine this, the two strains were mated to generate a diploid, yYC2n. Ty5 transposes at 
the rate of 17.855 x 10"5 in yYC2n demonstrating that high transposition is dominant. 
Following sporulation of the diploid, tetrads were dissected to yield haploids. Four sets of 
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tetrads were generated, and after introduction of the Ty5-his3Al plasmid into each haploid, a 
qualitative transposition assay was conducted to determine the segregation of transposition 
patterns. As shown in Fig. 3, in the tetrads examined, the high/low transposition phenotype 
segregates in a 2:2 ratio indicative of a single gene effect. Analysis of transposition in the 
tetrads shows that low transposition consistently segregates with the ade2-mutant phenotype 
(red/pink colonies). The patch assays show that the red-colored patches have fewer histidine 
prototrophs than the white-colored patches. This leads to the speculation that either ADE2 is 
the gene causing high transposition in the ADE2 strain, BY4742, or alternatively, a gene 
linked to ADE2 is responsible. 
To determine if the ADE2 gene had any role in causing the 8-fold lower transposition 
in the ade2 auxotroph, W303, we introduced ADE2 on a CEN plasmid, pPF31, and 
quantified transposition of Ty5. Table 4 shows no effect on transposition of Ty5 by ADE2 in 
the W303 strain (2.9066 x 10-5 without ADE2 and 3.2299 x 10-5 with ADE2). The results 
eliminated ADE2 as a regulator of Ty5. That leaves the ADE2-linked gene hypothesis open. 
Identifying genes involved in high transposition 
A two-pronged approach was employed to find the ADE2-linked gene: First, we 
screened an S. cerevisiae genomic library, YCp50, in the W303 strain for clones that 
increased transposition. The library originates from GRF88, which is a derivative of S288c, 
the parental strain to the high transposing strains YPH499 and BY4742. The screen was a 
scaled-up version of the qualitative patch test where the W303 strain is transformed with both 
the library and the Ty5 plasmids. Transposition is then induced by growth on galactose-
containing media and His+ prototrophs are scored. It was expected that complementation of 
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the recessive gene in the W303 background by the YCP50 plasmid-borne insert would lead to 
an increased His+ phenotype. The corresponding plasmid could then be isolated and the gene 
in question could be identified. Screening 4000 independent transformants did not yield a 
single Ade+ colony (Recall that W303 is ade2- and has red colonies. In a small fraction of 
transformants we'd expect at least a few white colonies to form due to complementation of 
the Adel- phenotype by genomic DNA inserts in the plasmid. However, all the transformants 
were red). To determine the reason for the failure of the screen, plasmids were isolated from 
4 randomly chosen transformants and subjected to restriction analysis. The restriction 
digestion pattern revealed that none of them had an insert. This result helps explain the 
absence of Adel+ colonies. Also, the number of His+ cells generated in the qualitative test 
conducted in the screen was not very promising as the numbers never rose beyond the levels 
of the control patches (W303 with Ty5). It is very likely that preferential amplification of 
plasmids lacking inserts during the preparatory steps of the library screen was responsible for 
the lack of results. 
Following the abortive library screen, a second approach was used wherein we looked 
up some of the genes lying in the vicinity of ADE2 that might be promising candidates 
causing the high transposition in BY4742. The yeast chromosome maps on the Stanford 
Saccharomyces Genome Database shows that ADE2 lies on the right arm (genetic position 
64) of Chromosome 15; coordinates 566190 to 564475. Most of the genes lying near the 
ADE2 locus are involved in metabolic pathways (RKIl , OST2) or protein trafficking (ARF3). 
Two candidates, TFC7 and RP031, are associated with RNA polymerise III - TFC7 is an 
RNA Pol III transcription factor and RP031 is a large subunit of RNA Pol III. Mutant alleles 
of these genes. might have been interesting to test, but the null mutants are inviable. As for 
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the remaining genes lying close to ADE2, their molecular functions have not been elucidated. 
One interesting candidate gene lies immediately adjacent to ADE2. RGAI/DBMI/THEl is a 
Rho GTPase-activating protein involved in invasive growth. It has been hypothesized that 
genes involved in promoting invasive/filamentous growth are potential activators of Tyl 
transposition. As described in the Introduction, Fus3p inhibits the invasive growth pathway 
and this in turn down-regulates Tyl transposition (Curcio and Garfinkel, 1999). A 
quantitative assay was conducted to test transposition in the BY4742 rgald strain (Table 2) 
along with a fus3d strain. While the fus3d strain shows an increase in Ty5 transposition 
consistent with Ty 1 data, the rgal d mutant had no effect on Ty5 transposition at all. RGAl 
shares functional redundancy with another gene, RGA2, and this might explain the lack of 
effect in the rgal d strain. With these results we ended our search for the ADE2-linked gene. 
Because of the difficulties we were having with the library screen and the candidate- 
gene analysis, we decided to look more closely at the segregation of the transposition 
phenotype in the tetrads. Earlier we reported that the tetrad patch assays showed a 2:2 
segregation pattern. Three of the tetrads were tested quantitatively. In contrast to the patch 
assay, considerable variation was seen in the quantitative test results (Table 5). Only one 
tetrad set showed 2:2 segregation. Three additional sets of tetrads that were dissected showed 
random segregation of the low to high transposition phenotype leading us to surmise that 
perhaps the underlying genetic difference was erroneously attributed to a single gene. The 
idea of more than one gene being different between the two strains is quite feasible 
considering that the Tyl study turned up over 20 different regulators in a single genome-wide 
mutagenesis from screening a pool of transformants representing only about a third of the 
genome (Scholes et al., 2001). From these results we draw two conclusions: (i) Ty5 is subject 
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to multiple regulators that vary between strains W303 and BY4742, leading to a ~8-fold 
reduction of transposition in strain W303 and these regulators act post-translationally by 
affecting cDNA synthesis andlor stability; (ii) at least one of the regulators is linked to 
ADE2. 
Discussion 
Ty elements have their transposition down-regulated in the yeast genome under 
conditions of normal or budding growth. The suppression of element movement is seen as the 
result of a complex relationship between host and element that evolved to reduce 
chromosomal rearrangements and mutagenesis resulting from transposition. In part, the need 
for regulation has been attributed to the dependency of the retroelements on the viability of 
the host for propagation to subsequent generations. That is, if transposition is not controlled, 
the host would die and the transposable elements would not be transmitted. Repression of 
transposition is mediated by several genes, determined by studies in Tyl, which are involved 
in conserved cellular functions such as transcription and genome maintenance and repair. 
Yeast strains with different genetic backgrounds have been observed to have different rates of 
Ty5 transposition, and this difference was used to study host genetic control of Ty5 
transposition. 
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Common regulators of Tyl and Ty5 
From studies of Ty 1, several yeast genes have been implicated in regulating element 
mobilit ,and they act at various steps in the life-cycle (Scholes, et al., 2001). To identify 
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conserved regulators, a set of 17 strains carrying null alleles of Ty 1 regulatory genes were 
tested on Ty5. Surprisingly, of the 17 null mutants tested, all except RAD52 and FUS3 had 
less than a 2-fold effect on Ty5 transposition. Interestingly, the common regulators of Ty 1 
and Ty5 transposition differed in terms of the direction of their regulation and the magnitude 
of their effects. 
RAD52 i s a member of the RADS2 epi stasi s group, comprising members RADSO, 
RADSI , RADS4 and RAD57, all of which are known to function in homologous 
recombination. RAD52 inhibits Ty 1 movement up to 25-fold by decreasing Ty 1 cDNA by 
10-fold (Bryk et al., 2001). In contrast, a strain that lacks RAD52 shows up to a 5-fold drop 
in Ty5 movement when tested in the B Y4742 strain (Table 1). It is clear that Rad52p has 
very different effects on Ty 1 and Ty5. What could be the reason for this difference? Rad52p 
is required for cDNA to enter the genome by homologous recombination (Ke and Voytas, 
1999; Sharon et al., 1994). In contrast to Tyl, Ty5 cDNA recombination is prevalent, and 
approximately 30% of His+ prototrophs are the result of cDNA recombination (Ke and 
Voytas, 1999). Loss of cDNA recombination, therefore, would be predicted to negatively 
effect the frequencies of His+ prototrophs generated by TyS. Based on previously calculated 
frequencies of Ty5 cDNA recombination, however, one would predict a more subtle decrease 
in transposition than the observed 5-fold effect. It may be that Rad52p acts at other steps in 
Ty5 transposition, and this remains to be tested. 
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A second gene that affects both Tyl and Ty5 is FUSS. While Fus3p represses 
transposition of both Tyl and Ty5, the extent of repression is quite disparate. The 
transposition rate of Ty l increases 39-fold in a fus34 mutant, whereas Ty5 transposition 
increases only ~2-fold (Table 2). Fus3p acts to stabilize Ty 1 proteins (Conte et al., 1998). For 
TyS, it has not been possible to isolate virus-like particles, which are the obligate 
transposition intermediates. As methods for virus-like particle purification become more 
refined, it will be of interest to characterize Ty5 proteins to see if Fus3p has a similar effect 
on Ty5 protein stability. 
Most Tyl regulators do not affect Ty5 
By far the vast majority of Tyl regulators were not found to have an effect on TyS. 
Transposition events resemble genome-disrupting phenomena, such as radiation-induced 
DNA breaks or nicks created during recombination that occur in the course of an organism's 
lifetime It is rational that genes involved in pathways of repair and/or genome maintenance, 
such as the MREI l /XRS2/RADSO DNA DSB repair complex, would be involved in 
minimizing element movement. This has been borne out in the case of Tyl but not for TyS. 
However, with Ty 1 it has been observed that in a particular functional class, say for instance 
genes that function in nucleotide excision repair (NER), it is not necessary that all yeast 
genes functioning in that capacity additionally function to regulate Ty 1. For example, among 
the NER genes, only SSL2 and RAD2 are known to _repress Ty 1 transposition. As a result, it 
is possible that DNA repair genes besides the MREI l /XRS2/RADSO complex might be 
involved in regulating Ty5. 
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Silent chromatin at the telomeres is one of the preferred target sites of Ty5 and it is 
surprising that ESTl and TELL, genes that function in telomere maintenance, have barely 
discernible effects on Ty5 transposition. It might be argued that the elapsed generation time 
in the transposition assay (2 days) was not sufficiently long enough to cause telomere length 
reductions to levels that are critical enough to affect Ty5's choice of target site appreciably. 
The lack of compelling data, in the initial survey of Ty 1 regulators for effects on Ty5 
was unexpected. Keeping in mind the fact that a large number of S. cerevisiae genes have 
been implicated in regulating Tyl, it is not unreasonable to think that Tyl and Ty5 share 
common regulators. The available literature (Scholes et al., 2001) reports that as many as a 
few percent of yeast genes function as Ty 1 regulators. Once the remaining Ty 1 regulators 
that await characterization are fully catalogued, their potential as regulators of Ty5 can be 
assessed to get a better picture of the host-element relationship. 
Different genetic backgrounds affect the level of Ty5 transposition 
Clearly, there exist regulators of Ty5 other than those identified in this survey (Table 
1). BY4742 is derived from S288C, a commonly used laboratory yeast strain. Another strain 
used extensively is the W303 strain. Ty5 transposition in these two strains differs by a large 
margin (about 8-10 fold; Table 3), which warranted further investigation. What genetic 
differences underlie this transpositional disparity between the two strains? While initial tetrad 
data pointed towards a single gene effect, subsequent testing provided compelling evidence 
for multiple factors mediating this difference. 
Retroelements are subject to complex regulation at multiple levels, echoing the 
complex regulation of gene expression observed in the cells of eukaryotic organisms. Ty 1 is 
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subject to regulation that acts post-transcriptionally. This type of regulation was predicted 
from the observation that while RNA levels of the element are extremely abundant, Ty 1 
P roteins and cDNA are in contrast, extremely scarce. Several of the rtt (regulators of Ty 
transposition) mutants identified in a recent survey (Scholes et al., 2001) showed a 
correlation between increased cDNA levels and improved transposition rates of Ty 1, where 
an approximately 3-fold increase in cDNA resulted in a 5- to 15-fold increase in 
transposition. We quantified Ty5 transposition in two strains, W303 and BY4742, and 
followed it up by determining the step at which host regulation is occurring. Drawing upon 
our data, we state that the ~8-fold lower transposition of Ty5 in strain W303 is a consequence 
of the ~2.5-fold lower cDNA levels measured in a quantitative competitive PCR assay. 
Interestingly, as with Tyl, Ty5 cDNA levels are also directly proportional to transposition 
rates. Such post-transcriptional regulation is apparently an effective way to impose host 
control over element mobility. Are 3-fold lower amounts of element cDNA sufficient to 
decrease transposition 8-fold? It is ~ very likely, since in a similar scenario, two independent 
point-mutations in Ty5 gag are known to increase. cDNA about 2-fold each and these 
mutations correspondingly increase Ty5 transposition up to 6-fold each (Gao et al., In press). 
When combined, they increase cDNA ~4-fold while increasing Ty5 transposition ~36-fold. 
At this stage it is not possible to distinguish between the mechanisms by which the 
genes that reduce cDNA levels in strain W303 are acting to reduce Ty5 transposition —one 
possibility is that the genetic differences between W303 and BY4742 cause a scarcity of 
cDNA intermediates which leads to unavailability of substrates for insertion into the genome. 
The second possibility is that these genes might affect factors in the integration or 
recombination pathway that insert cDNA substrates into the host genome. It is likely that 
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hierarchical inhibition of the steps in the element life-cycle act additively to reduce mobility. 
While protein processing has been shown to be regulated in Tyl, protein studies in Ty5 are 
limited by the intractability of the VLPs. Extrapolating from the common themes of Ty 1 and 
Ty5 regulation we might predict that control at the level of protein processing is also imposed 
in Ty5. As mentioned earlier, this remains to be tested. 
Conclusion 
In the case of Ty 1 it appears that transposition and genome-disruption are 
synonymous to DNA damage and therefore, genes that function in genome maintenance and 
DNA break repair have been recruited to minimize transposition. As far as the evidence from 
this study goes, such a statement is not applicable to TyS. It will be interesting to probe the 
extent of shared regulators that exist between retroelement families. Applying such 
knowledge to studying higher organisms will no , doubt prove very useful in our 
understanding of the element-host relationship. 
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Table 1. Qualitative analysis of Tyl regulators for effects on Ty5 transposition 
Strains Transpositionb
BY4742° +++++ 
mrell d ++++ 
xrs2d +++ 
rnrl d n/a 
rtt104d ++++ 
sgsl d ++++ 
esc4d ++++ 
kem2d ++++ 
kap122d ++++ 
estl d ++++ 
tell d +++++ 
radSSd ++++ 
rad52d + 
rtt101 d ++ 
efdl d ++++ 
cdc40d n/a 
ste20d +++++ 
YHR029cd ++++++ 
a Saccharomyces deletion strains derived from BY4742 
b Transposition as determined by a qualitative patch assay. 
BY4742 MATa his3dl leu2d0 lys2d0 ura3d0 
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Table 2. Quantitative assay of fus3d and rgal d strains 
Strain Transposition frequencies Fold increase relative to 
(X 10"5) rates in strain BY4742 
BY4742 17.42 + 6.19 1.0 
fus3d 40.48 ± 7.38 2.3 
rgal d 19.066 ± 3.58 ~ 1.0 
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Table 3. Quantitative assay of strains W303 and BY4742 
Strain Transposition frequencies Fold increase relative to 
(X 10"5) strain W303 
W303 1.99 + 0.53 
BY4742 15.29 + 2.19 
yYC2na 16.35 ± 1.25 
1.0 
7.68 
8.23 
a yYC2n is the diploid strain created by mating haploids, W303 and BY4742. 
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Table 4. Quantitative assay to test effect of ADE2 in low transposing strain W303 
Strain ADE2 (pPF31) Transposition Fold increase in 
frequencies 
(X 10"5) 
transpositions
W303 - 2.91 + 0.34 1.0 
W303 + 3.23 + 0.78 1.11 
s relative to rates in strain W303 without ADE2 expression 
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Table 5: Quantitative analysis of tetrads 
Tetrad Transposition frequencies Relative Ratios 
(X 10-5)a (within each tetrad set) 
Tetrad 3.1 13.3 3 ~ 14 
Tetrad 3.2 0.97 ~ 1 
Tetrad 3.3 15.34 ~ 14 
Tetrad 3.4 1.41 ~ 1 
Tetrad 4.1 7.25 ~2 
Tetrad 4.2 ~ 10.87 ~3 
Tetrad 4.3 3.3 ~ 1 
Tetrad 4.4 22.86 ~7 
Tetrad 5.1 8.3 5 
Tetrad 5.2 2 8.8 5 
Tetrad 5.3 9.23 
Tetrad 5.4 3.05 
~3 
~9 
~3 
~1 
a Transposition frequencies calculated from a single quantitative assay. 
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1. H/S3 m arker gene 
inactivated by ir~tron 
in opposite 
orientation 
2. H/S3 gene active 
due to intron removal 
from Ty5 transcript 
GAL U AS 
Transcription and 
Splicing 
Reverse Transcription 
and Integ ratio n 
SD a 
\/ 
SA 
£SI H 
~/ 
N
w ~w w..w.w.w.w ~w w. «y ~ ~ ~ 
FIGURE 1. Single-step selection to detect Ty5 transposition (Zou et al., 1996). 
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A. Haploid 1 - W303 B. Haploid 2 D BY4742 C. Diploid D yYC2n 
FIGURE 2. Qualitative assay of Ty5 transposition in yeast parental strains and in diploid 
strain. A. Haploid strain W303. B. Haploid strain BY4742. C. Diploid strain yYC2n. 
Individual colonies represent independent transposition events. 
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Tetrad 3 
Tetrad 5 
Tetrad 4 
Tetrad 6 
FIGURE 3. Qualitatitve patch assay showing transposition in four sets of tetrads. 
Transposition of Adel- (pink) colonies is lower than that of Adel+ (white) colonies. All the 
tetrad sets appear to segregate 2:2 for the high:low transposition phenotype of TyS. 
L —Low transposition 
H —High transposition 
Pruner 1 Pruner 2 
Ty5 DNA 
Ty5 cDNA 
~SIH A~ 
~/ 
Primer 1 Primer 2 
580 by 
// 
pXG28 
(cDWA com petitor 
template) 
~S/H 
Prmer 1 Primer 2 
520 b p 
~S/H 
FIGURE 4. Quantitative PCR to measure cDNA levels. Details outlined in text. 
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p~ X28 
cDNA 
~—
Competitor ~—
W303 (1~ ug,} 
1 2 3 4 5 
B~'4742 (16.~ u 
1 2 3 4 5 
pXG28 Con,centratioris: 
1- 0.000540 ng 
2 - 0.000270' ng 
3 - 0.000140 ng 
4 - o.000a7o ng 
5 - 0.000035 ng 
FIGURE 5. Quantitative PCR showing levels of cDNA in the haploid strains (W303 and 
B4742). Embedded is a bar chart showing the fold-increase in cDNA levels in the two 
strains. 
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CHAPTER 3: Probing additional regions of interaction between Ty5 
mRNA and S. cerevisiae IMT 
A paper to be submitted to Nucleic Acids Research 
Yvette Chinl and Daniel F. Voytas2
Introduction 
Ty5 is a half-priming retroelement which uses a portion of the cleaved 
Saccharomyces. cerevisiae initiator methionine tRNA (IM7~ to prime reverse transcription. It 
shares this distinctive priming mechanism with other Hemiviruses, including the copia and 
1731 retroelements in Drosophila melanogaster and TcaS in Candida albicans. An overview 
of reverse transcription has been provided in Chapter 1. 
A 14 by region of the cleaved IMT, spanning bases 27-40 of the anti-codon stem- 
loop, is complementary to the primer binding site (PBS) at the 5' end of Ty5 mRNA (Fig.l). 
Previously it has been shown that base-pairing between the anticodon stem-loop and the PBS 
1 Primary researcher and author. 
2 Associate Professor and author for correspondence, Department of Zoology and Genetics, 
Iowa State University, Ames, IA 50011. 
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is necessary for reverse transcription to occur (Ke et al., 1999). Disruption of base-pairing 
between the two sequences is deleterious and results in a decrease in transposition. This has 
been demonstrated by introducing point mutations into the PBS, ensuring that they conserve 
the amino acid sequence of Gag. When tested, the PBS mutants showed at least an 800-fold 
decrease in transposition. Similarly, point mutations in the IMT anticodon stem-loop had an 
adverse effect, and transposition was seen to drop 200-fold. The importance of 
complementarity between the PBS and the primer was surmised from two key observations: 
i) mutations introduced in the PBS to restore base-pairing to an IMT mutant bring 
transposition back to almost wild-type levels, and ii) the effect on transposition is most 
pronounced when base pairing is lost at the 3' end of the primer half-tRNA (or the 5' end of 
the PBS). 
To study the importance of base-pairing in priming, a yeast strain was developed that 
had all four of its endogenous IMT genes deleted. The assay involves introducing the wild-
type IMT on a URA3-based plasmid into the yeast strain followed by the introduction of the 
mutant IMT on a LEU2-plasmid. The wild-type IMT is lost ̀ by selecting against the URA3- 
plasmid using 5-fluoroorotic acid (5-FOA) in the medium. Cells with a wild type URA3 gene 
cannot grow in the presence of 5-FOA. Ty5 is then introduced and effects of the mutant IMT 
on transposition can be scored using the transposition assay described in Chapter 2. Some of 
the mutant IMTs do not support translation and cannot be studied using this system. Instead, 
a second Ty5-bearing URA3-based plasmid was constructed, which additionally carries imt4- 
C31, G39 (a mutant IMT that can support translation but not transposition). This plasmid is 
introduced into the aforementioned yeast strain with all four IMTs deleted. A mutant IMT that 
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cannot support translation is then introduced on a LEU2-based plasmid, and its effect on 
transposition is characterized (Fig. 2). 
The importance of the anti-codon stem-loop in priming Ty5 reverse transcription has 
been demonstrated, but what about other regions of the IMT? As part of the same study, 
several tRNA genes were tested that were mutated in the acceptor stem, in the D-arm or in 
the TIC arm (Ke et al., 1999). However, these mutants had negligible effects on Ty5 
transposition. For Ty 1 and Ty3, the acceptor stem mutants reduced transposition over 100-
fold, but when tested with Ty5, transposition was close to wild-type levels (Keeney et al., 
1995; Ke et al., 1999). The D-arm mutants included an enlargement of the D-loop by one 
base at position 17 and a G-C-to-U-A change in the D-stem, neither of which had significant 
effects (< 2-fold) on transposition. 
Since IMTs from A. thaliana and S. pombe can support translation in S. cerevisiae, 
they were tested for their ability to prime reverse transcription of Ty5 (Ke et al., 1999). The 
Arabidopsis IMT brings down transposition 7-fold, and the S. pombe IMT brings it down 
about 10-fold. The anti-codon stem-loop and the acceptor stem in these IMTs were altered to 
make them identical to the S. cerevisiae sequence. The acceptor stem hybrids did not increase 
Ty5 transposition. However, the S. pombe anticodon-stem loop IMT hybrid showed a 
transposition decrease of only 5-fold, relative to the 10-fold defect observed for the wild type 
S. pombe IMT. Similarly, the A. thaliana anti-codon stem-loop IMT hybrids had only a 2-fold 
decrease in transposition relative to the 7-fold decrease observed for the wild type A. thaliana 
IMT. These results further stress the importance of the anticodon stem-loop in priming Ty5 
reverse transcription. Furthermore, because the transposition rates observed using the two 
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anticodon stem-loop hybrid IMTs are not quite wild-type levels, there appears to be a role for 
other regions of the IMT in reverse transcription. 
Results and Discussion 
Mutant IMTs that decrease Ty5 transposition 
To identify residues outside of the anticodon stem-loop that are important in 
transposition, a randomly mutagenized S. cerevisiae tRNA library was screened (Gao, 
unpublished). A triple mutant, imt4-G16, G2O, C42, was discovered that decreases 
transposition 200-fold (Gao, unpublished). Imts were generated with individual mutations in 
each of the residues in the triple mutant, and each single mutant was found to decrease 
transposition 2-fold. The double mutant imt4-G16, G42 decreased transposition about 15-fold 
and imt4-G16,A42 decreased transposition 5-fold. To continue the dissection of the triple 
mutant into double mutants and to close the chapter on these point mutants, I made mutant 
Sab (Table 1 A). Sab or imt4-A16, C2O combines the mutant bases at positions 16 and 20 in a 
single S. cerevisiae IMT. Table 1 a shows that Sab does not affect transposition. This 
negligible effect of mutant Sab on Ty5 transposition suggests that the base in the triple 
mutant with the most significant effect on transposition is at position 42. In the. wild type 
IMT, the base at position 42 pairs with position 28 in the anticodon stem, and in the triple and 
all of the other double mutants, this base pairing is disrupted. This proposed requirement for 
base pairing, however, does not account for the 2-fold effects observed for each of the single 
mutants. 
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It is interesting to note that the A. thaliana IMT differs at positions 16 and 42 from the 
S. cerevisiae IMT. Is it a coincidence that this IMT shows a 7-fold decrease in transposition of 
Ty5? To explore this question, I wanted to determine if positions 16 and 42 are important 
residues in the Arabidopsis IMT for priming. This led to the creation of mutant 1 ab. 1 ab is an 
Arabidopsis IMT that has been altered at positions 16, 28 and 42 so that it resembles the S. 
cerevisiae IMT. The idea was to see if transposition of Ty5 using 1 ab improves over the 7-
fold decrease seen with the wild-type Arabidopsis IMT. In fact, mutant 1 ab caused only a 2-
fold decrease in transposition (Table lA). This reinforces the earlier observation of the 
importance of positions 16 and 42 in tRNA primer function for Ty5 reverse transcription. 
Alternatively, it could be that these positions are required for overall tRNA stability and 
don't play a direct role in the primer function of the tRNA. The idea remains to be tested; 
however, it is unlikely that the mutants solely act by destabilizing the tRNA, because they 
function well in translation (Table 1 A). 
Additional interactions between retroelement mRNA and IMT 
Tyl studies have identified 3 short regions of complementarity that exist between the 
Tyl mRNA and the IMT that appear to be quite crucial for initiating minus-strand strong stop 
DNA synthesis (Friant et al., 1998). These stretches in the Tyl mRNA aze referred to as Box 
0, Box 1 and Box 2.1 (Fig. 3A), and they are necessary for transposition in addition to the 10 
bases of pairing that occurs between the Tyl PBS and the acceptor stem of the IMT. 
Disruption of these sequences brings Tyl transposition down 3 to 6-fold. An equivalent to 
Box 2.1 was identified in Ty5 mRNA (Fig.3B), 7 bases downstream of the PBS. Box 2.1 is a 
stretch of 6 bases (5'-UGCWC-3') that is complementary to 6 bases in the D-ann of the 
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IMT (5' -GAAGCG-3' ). A mutant Ty5 was generated with base changes in this purported 
Box 2.1. This mutant Ty5 is borne on plasmid pYC6o, and the mutations were designed to 
disrupt base-pairing with the D-arm while conserving the amino-acid sequence of Gag. 
Transposition of this mutant occurs at almost wild-type levels (Table 1 B ), so we conclude 
that the purported Box 2.1 in Ty5 is not functionally equivalent to Tyl Box 2.1. 
In addition to box 2.1, additional stretches of complementarity were found between 
the I]MT and the Ty5 mRNA: (i) 9 bases in the GAG coding region can pair with the D-arm 
(Ke et al., 1999) and (ii) 8-bases in the TIC stem-loop can pair with U3 of the Ty5 mRNA 
(Ke et al., 1999). Three imt mutants were generated to test if pairing between Ty5 mRNA and 
either the D-arm or the TIC arm of the IMT are important for priming reverse transcription. 
Mutants 3ab and 4ab are S. cerevisiae imts used to test the importance of pairing with the D-
arm. 3ab has 3 bases disrupted at positions 22, 23 and 24. Note that these base changes 
disrupt stem formation in the D-arm. Mutant 4ab has 3 ,bases mutated in addition to the 
bases in 3ab; the additional base changes were included to restore stem formation in the D-
arm. Table 1 A shows that 4ab causes an ~2-fold drop in transposition whereas Table 2 shows 
that 3ab brings down transposition 1 o-fold. It must be noted that while 4ab supports 
translation, 3ab does not. It could be argued that the inability of a mutant tRNA to support 
translation is due to its instability. Such instability and consequent unavailability may lead to 
the observed low transposition levels. We did not measure the abundance of mutant tRNAs 
that can't support translation so this argument remains open. Nonetheless, we can conclude 
from the 4ab results that the D-arm of IMT is not very important in priming. Base-pairing in 
the stem of the D-arm in mutant 4ab is preserved, and its stability is inferred from its ability 
to support translation. 
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One question raised by the above experiment concerns the significance of the 2-fold 
decrease in transposition observed with mutant 4ab. Is this decrease because pairing is 
required between the D-arm and the Ty5 mRNA? We felt that if this pairing were important, 
an enhanced transposition defect might be observed if the 4ab mutant were used in 
combination with a Ty5 PBS mutation. In this instance, pairing between the anticodon stem-
loop and the PBS would be disrupted as well as the putative pairing between the D-arm and 
the Ty5 mRNA. For this experiment we used the Ty5 PBS mutant carried on pYC64. This 
mutant has a single base change in the PBS, and previous work has shown that this change 
itself does not affect transposition significantly (Ke, unpublished). This is confirmed in Table 
3. However, when additional base changes are made to the PBS, transposition is significantly 
decreased (Ke et a1., 1999).. When we tested pYC64 in conjunction with the 4ab IMT mutant, 
transposition was not significantly different from the 4ab mutant alone (Table 3). This 
suggests that the mutations in the D-arm do not affect transposition by disrupting 
complementarity to the IMT. 
In a final set of experiments, we tested the importance of the 8 base pairs. of 
complementarity identified between the U3 region of Ty5 and the TIC-arm. To do this, we 
generated mutant lab. Mutant lab did not support translation, making it difficult to 
determine its contribution in priming. As described above, this raises the question about 
whether lab is stable and available for priming. Since all the mutant tRNAs (Table 2) unable 
to support translation show a (10-fold) transposition defect, the TyfC arm is likely not 
required in priming and the observed 10-fold decrease in transposition can be attributed to its 
inability to support translation. 
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Conclusions 
From the accumulated data we conclude that priming of reverse transcription in Ty5 
is largely dependent on the base-pairing between the PBS and the anticodon stem-loop as 
determined by Ke, et al, 1999. Priming does not appear to require other bases in the tRNA 
outside the region of complementarity. One possible exception is base position 42, which 
lies near the putative tRNA cleavage site. Mutations in this base cause transposition defects, 
and heterologous IMTs with base differences at this position are also lowered in their levels 
of transposition: In addition to identifying other residues of the IM'T important for.
transposition, regions of complementarity between the IMT and Ty5 mRNA were tested for 
their importance in priming. Neither the two regions of complementarity to the D-arm and 
the single region of complementarity to the TyfC arm are important for transposition. These 
data support the general conclusion that only pairing between the ILVIT anticodon stem-loop 
and the PBS is required to prime minus strand DNA synthesis. 
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Table 1A: Effects of IMT mutants that support translation on Ty5 transposition. 
tRNA Translations Transposition Frequencies 
(X 10"5) 
Wt + 1.715 + 0.20 
(IMT4) 
1 ab + 0.804 + 0.24 
(imt4-U16,A28, U42) 
4ab + 0.531 + 0.14 
(imt4 A11, U12,A13, 
U22,A23, U24) 
Sab + 1.80 + 0.48 
(imt4-A16, C20) 
a 
'+' indicates ability to support translation 
Table 1B: Effect of the Ty5 Box 2.1 mutation on transposition. 
tRNA Ty5 Transposition Frequencies 
(X 10-5) 
Wt Wt 1.715 + 0.20 
(IMT4) 
Wt pYC60 1.472 ± 0.207 
(IMT4) 
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Table 2: Effect of IMT mutants that do not support translation on Ty5 transposition 
tRNA Translations Transposition frequencies 
(X 10-6) 
Wt 
(IMT4) 
3ab 
(imt4-U22,A23, U24) 
lab 
(imt4-GSS,A56,T5~ 
2.083 + 0.51 
0.209 + 0.12 
0.220 + 0.20 
a '+' indicates ability to support translation; '-' indicates inability to support translation 
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Table 3: Effects on Ty5 transposition of combining IMT mutant 4ab with a Ty5 PBS mutant 
that restores complementarity. 
tRNA Ty5 Transposition frequencies 
(X 10-5) 
Wt wt 3.965 + 0.34 
(IMT4) 
4ab wt 0.974 + 0.09 
(imt4 All , U12,A13, 
U22,A23, U24) 
wt pYC64 3.600 ± 0.53 
(IMT4) 
4ab pYC64 0.597 ± 0.2 
(imt4 All , U12,A13, 
U22,A23, U24) 
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252 265 
GGUU AUGAGCCCUG Ty5 PBS 
C C AAU AC U C GGG AC S, cerevisiae IMT4 
40 27 
FIGURE 1. S. cerevisiae IMT anticodon stem-loop sequence that serves as a primer and the 
Ty5 PBS sequence are complementary to each other (Ke et a1., 1999). 
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FIGL:IRE 2. Plasmids systems used to study tRNA mutants for effect on Ty5 transposition. 
The yeast strain used in both systems outlined above has all four endogenous IMT genes 
disrupted. A: The ~ plasmid system to test imt mutants that support translation. The mutant 
tRNA of interest is introduced on a ~EU2-based plasmid. Ty5 is borne on a URA3-based 
plasmid. B: The second plasmid system is used to test mutant imts that do not support 
translation. The mutant imt is on a LEU2 plasmid while Ty5 is on a URA3 plasmid which 
additionally carries a second mutant imt that is known to support translation but does not 
support transposition. In this way, the mutant imt of interest can be tested for effects on Ty5 
transposition inspite of its inability to support translation. 
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Ty1 
5- UGGUAGCGCC -3' 
i i II I i I I I I 
3'- ACCAUCGCGG -5' 
PBS-box ̂ ~- box 1-box 2.1 ~/ 
Acne ptor s tem, aUl T 
5'- GAUCCG -3' 
I l i i l l 
3'- CUAGGC -~' 
TyrC arm, lMT 
5'- UUCGGUU -3' 
I I I I I I I 
3'- GAGCCAA -5' 
Ty~C arm, lMT 
5'- GCUUCCA -3' 
i l ll l l l 
3'- CGAAGGU -5' 
D arm , IVI T 
FIGURE 3A. Regions of the Ty 1 mRNA that are important for interactions with the IMT. 
PBS is the primer binding site that is complementary to 10 bases in the acceptor stem of .the 
IMT. Box 0, box 1 and box 2.1 are three additional regions of the Tyl mRNA that have been 
found to be important for base-pairing with regions of the IMT. They play an important role 
in Ty 1 reverse transcription as seen by the 3 to 6 fold decrease in transposition when bases in 
these boxes are disrupted. 
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-'—'~ PBS —bo y2.'~ // ~~ 
5'- GGUUAUGAGCCCUG -3' S'- UGCUUC -3' 
II I I I I I I I I I I I i II I I I I 
3'- CCAAUACUCGGGAC -5 3'-GCGAAG -5' 
Antic~odon stem-loop, NVl T D-arm , /MT 
FIGL:IRE 3B. Regions of Ty5 that are complementary to the S. cerevisiae IMT. The PBS is a 
stretch of 14 nucleotides that can base-pair with the anticodon stem-loop of the IMT. Also 
shown is a putative box 2.1, complementary to 6 bases in the D-arm of the IMT. 
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CHAPTER 4: General Conclusions 
Ty5, an LTR retroelement in S. cerevisiae, is subject to host regulation comparable to 
regulation observed in other yeast retroelement families such as Ty 1. Our study shows that 
there is not much overlap between regulators of Ty5 and Ty 1. However, the level at which 
regulation occurs in both element families is the same. That is, Ty5 and Tyl are both post- 
translationally restricted from transposing in the host cell. Results from genetic tests of two 
yeast strains, W303 and BY4742, that differ 8-fold in the level of Ty5 transposition indicate 
that Ty5 regulation is mediated by multiple host genes and that one of -these regulators is 
linked to ADE2. This suggests several future experiments, one of which would involve back-
crossing the Iow-transposing strain, W303, to the high-transposing strain, BY4742, followed 
by the selection of low-transposing Ade- strains. This would be repeated for several.
generations with the aim of narrowing down the multiple regulators to a single gene that can 
be identified by complementation with a genomic library screen. 
Our study also tested various regions of the IMT to determine requirements for half-
priming of Ty5 reverse transcription. These requirements would be over and above the need 
for complementarity between the Ty5 PBS and the anti-codon stem-loop. The overall results 
indicate that primer-PBS interaction remains the single most important factor for reverse 
transcription to be initiated. Future directions in this project would include conducting a 
Northern blot to determine if the levels, and hence abundance, of the various mutant IMTs 
have a significant effect on their ability to act as primers. Once this basic question is 
answered, a clearer picture of the general requirements for reverse transcription in the case of 
half-priming elements can be drawn. 
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